A Symmetric Total Variation Diminishing (STVD) scheme is applied to model the aeroacoustic and aerodynamics characteristics of rotors in hover. A modified version of the finite volume code TURNS (Transonic Unsteady Rotor Navier-Stokes) is used. The original TURNS solver uses a third order upwind scheme. The modified solver, referred to as TURNS-STVDx, is fourth, sixth, or eighth order accurate in space, and first or second order accurate in time. Calculations are presented for the high-speed impulsive noise emanating from a non-lifting UH-1H rotor, and the performance of the UH-60A rotor in hover. Encouraging improvements over the baseline method have been obtained. The modified method was not, however, able to model the tip vortex more accurately than the baseline solver. This is attributable to the numerical viscosity term that has the same form in the present solver and the baseline solver. Additional work is needed to improve the modeling of the tip vortex structure in the present methodology. In particular, higher order essentially nonoscillatory schemes (ENO) may be needed in the vicinity of the tip vortices.
INTRODUCTION
During the past decade, considerable progress has been made in modeling rotary wing aerodynamics and aeroacoustics. Despite the availability of improved numerical methods and faster supercomputers, accurate prediction of the aerodynamic and aeroacoustic characteristics of a helicopter rotor remains a challenging problem. This is because the flow field around the helicopter rotor is very complex, dominated by compressibility effects, a complex vortex wake structure, and viscous effects. The vortical wake, in particular, plays a crucial role in generating helicopter noise, rotor airloads, and vibrations. If the radiated noise is excessive, helicopter usage in both civilian and military operations could be restricted.
Over the past two decades, many NavierStokes and Euler solvers have been used to model the near wake and near-field aeroacoustics of rotors. In these approaches, the near wake and the shock waves are all captured from first principles. Purcell 1 , and Srinivasan and Baeder 2 employed the NASA Ames CFD solver TURNS (Transonic Unsteady Rotor Navier-Stokes) to investigate noise sources in hover and forward flight. Some researchers have used the OVERFLOW code which uses a third order "MUSCL" scheme to model the rotor HSI and BVI noise 3 . These numerical methods and computer codes suffer from numerical dissipation and dispersion errors. Dissipation causes a gradual decrease in the amplitude of acoustic waves and the magnitude of the tip vortex filaments between the time these entities leave the blade surface and the time they reach an observation location. This can lead to an underestimate of the noise, induced inflow, and BVI loads. Dispersion causes waves of different wavelengths originating at blade surface to incorrectly propagate at different speeds. As a result, the waves may distort in a nonphysical manner by the time they arrive at the observer location. Far field noise modeling (e.g. using the aeroacoustic code WOPWOP, which relies on accurate near field pressure and velocity data) will consequently suffer. Improved algorithms for modeling rotary wing aerodynamics and aeroacoustics with low dissipation and low dispersion errors are urgently needed.
Tam 4 and Webb recently developed a new numerical scheme called the Dispersion-RelationPreserving (DRP) finite difference scheme. This approach is aimed at reducing the dispersion errors. Nance et al 5 extended the DRP ideas to curvilinear grids and developed a Low Dispersion Finite Volume (LDFV) scheme. Wang 6 et.al. implemented the LDFV scheme into TURNS and studied shock noise and hover performance of rotorcraft. A side benefit of these schemes is their reduced dissipation, or numerical viscosity. These schemes typically have a numerical viscosity that is proportional to ∆ 5 where ∆ is the grid spacing.
The easiest way to reduce dissipation errors is by increasing the formal accuracy of the upwind scheme. For example, a first order upwind scheme will have dissipation errors that are proportional to ∆ 1 , where ∆ is the grid spacing. Third order schemes such as those found in TURNS 7 and OVERFLOW will generate dissipation errors proportional to ∆ 12 used oversetgrids with high resolution on the rotor blades and a systematic variation of grid resolution in the rotor wake for hovering rotor cases.
Hariharan and Sankar 13 used an adaptive overset grid to resolve the tip vortex from a fixed wing for over 100 chord lengths downstream of the wing. Results for a hovering rotor with tip vortex tracking grids using OVERFLOW have been presented by Egolf et. al 14 . Strawn et al. 15 have systematically studied the effects of grid refinement on the hover performance prediction characteristics of rotors.
SCOPE OF THE PRESENT WORK
The main purpose of this study is the development and validation of spatially higher order accurate methods for modeling rotors in hover and the shock noise phenomena. This work is an extension of the Symmetric Total Variation Diminishing scheme (STVD) originally developed by Helen Yee 16 . Yee has documented good results for a number of steady and unsteady problems including a Direct Numerical Simulation (DNS) of turbulence. Yee's idea is that high-order central difference schemes may be coupled to lower order dissipation terms to yield accurate results. In an earlier work, the present authors applied a fourth order STVD scheme to shock noise. The present paper deals with higher order versions of this algorithm (6 th and 8 th ), and their application to a modern UH-60A rotor. The UH-60A rotor is chosen for hover validation here because the experimental data of Lorber et al 17 for this configuration is generally accepted as being the most comprehensive hover data, and includes wake trajectory, blade loading, blade deformations, and performance measurements. Comparisons with the original TURNS code and experimental data are given. The various versions of the algorithm discussed here are referred to as TURNS-STVDx, where x refers to the formal spatial accuracy of the "symmetric" part of the algorithm. According to Helen Yee 16 , the numerical viscosity may be calculated using a (relatively) low third order MUSCL scheme in shock capturing techniques, even when the symmetric part of the algorithm is of a higher order.
MATHEMATICAL AND NUMERICAL FORMULATION

Computational Grid
A hyperbolic C-H grid generator supplied with the TURNS code is used in all the calculations. The three-dimensional grid is constructed from a series of two-dimensional C-grids with an H-type topology in the spanwise direction. The grid is clustered in the vicinity of the rotor blade surface, with a sparse distribution of the points away from the blade. For accurate modeling of the shock delocalization phenomena, the grid generator automatically clusters the nodes near the expected location of the shock surface, as predicted by linear theories. As a consequence of the periodic boundary condition in the azimuthal direction, only one blade needs to be modeled.
In the inviscid results presented here for UH-1H rotor, there are 75 points in the wraparound (along the chord) direction with 46 points on the body. There are 45 points in the spanwise (radial) direction with 20 radial stations on the blade surface, and 31 points in the normal direction.
For the viscous results presented here for UH-60A rotor, several different grids -coarse and fine -have been tested. The coarse grid used has same grid points as inviscid case for UH-1H rotor (75 x 45 x 31). For brevity, the coarse grid results are not shown here. Three relatively finer grids, (149 x 89 x 61, 181 x 75 x 49 and 253 x 91 x 79), have been used. The outer boundaries of the grids are located at least two radii away in all directions for the UH-60A simulations, and three radii away in all directions for the UH-1H rotor simulations.
TURNS Flow Solver
A public domain code called Transonic Unsteady Rotor Navier-Stokes (TURNS) solver 2 has been modified in this study. This code solves the strong conservation form of three-dimensional NavierStokes equations using a finite volume scheme. TURNS uses an LU-SGS (Lower-Upper SymmetricGauss-Seidel) implicit time marching scheme which has good stability and convergence characteristics. An option for using Newton-type sub-iterations at each time step allows for the reduction of the linearization and factorization errors, and improves temporal accuracy. The inviscid fluxes crossing the cell face are evaluated in this formulation using an approximate Roe solver. The baseline TURNS solver uses a third order accurate interpolation scheme called the Van Leer Monotone Upstream-centered Scheme for the Conservation Laws (MUSCL) 18 approach to interpolate the flow properties stored at cell centers to cell faces. In the vicinity of shocks and other sharp gradients, the accuracy of the scheme is reduced to first order through the use of a Koren differentiable limiter. This makes the scheme third-order accurate in space in smooth regions of the flow, and first order in space near shocks and vortex cores.
Boundary Conditions
Four types of boundary conditions are used in the flow solver TURNS. No slip boundary conditions are used at the blade surface. At the wake cut and outboard of the blade tip interpolation of flow properties from neighboring cells is used. Periodic boundary condition is used at the front and rear boundaries of the two-dimensional C-grids at each spanwise station. At the far field boundaries, mass source and sink based boundary conditions are used to ensure that appropriate amounts of mass enter and leave through the boundaries 2 . These conditions are all applied explicitly, and lag the interior point values by one time step, or one Newton iteration.
Symmetric TVD Scheme
The essential ingredients of the symmetric TVD scheme can easily be explained by looking at the 1-D unsteady Euler equations on a Cartesian grid:
Here, q is the flow properties (state) vector, and F contains the flux terms. A semi-discrete form of this equation at a typical node 'i' is given by:
Here F is some numerical approximation to the physical flux F. In classical upwind schemes, including the Roe scheme, the quantity F is skewed towards the direction from which the information is flowing. For example, in a supersonic flow where the local velocity is directed from the node i towards the node i+1, F at i+1/2 is simply F at i.
In the symmetric TVD scheme, F is viewed as the sum of two parts -the physical flux F that is always symmetrically computed, and a numerical viscosity term. Helen Yee 16 recommends the following second order form:
, a 5x5 matrix, computed using "Roe-averages" of q at adjacent points. Notice that the second term is simply a second order accurate approximation to
x F ∂ ∂
, and is symmetric with respect to i, with no bias toward i+1 or i-1. The third term may be viewed as a "numerical" viscosity or diffusion term.
Note that equation (3) may be written in the form given by equation (2) 
If we want to change the formal accuracy of the scheme it is only necessary to increase the stencil size.
For example, a fourth order symmetric TVD scheme would use: ) in both the baseline TURNS code and the present TURNS-STVD code. It should be noted that when a low-order accurate upwind scheme is used, the result will have no oscillations but the solution will be highly diffusive. As a result, the original discontinuity will spread as it convects through the fluid, and the peak vorticity values will be diminished. This artificial diffusion limits the effectiveness of these STVD higher-order schemes discussed in this study. High order versions of this filter term are currently under development.
RESULTS AND DISCUSSION
Symmetric TVD schemes with fourth, sixth and eighth order of accuracy have been developed and applied to rotors in hover, and to model shock noise. The results from the original code TURNS, and the present modified flow solver TURNS-STVDx (x=4, 6, 8) are presented here for a UH-60A Black Hawk rotor in hover and for a UH-1H rotor in nonlifting flight.
Shock Noise Calculations for the UH-1H rotor
Calculations have been performed for a twobladed UH-1H rotor in hover on a 75 x 43 x 31 grid. The blade is at a zero collective pitch, with a tip Mach number of 0.90. Because viscous effects are not expected to play a dominant role in this problem, these simulations were done in the inviscid mode. The blades are made of NACA 0012 airfoil sections, are untwisted, and have a rectangular plan form with an aspect ratio of 13.7133.
The sound pressure levels have been compared to the experimental data for a 1/7 scale model studied by Purcell 1 . The pressure field at three stationary microphone locations r/R= 1.11, r/R = 1.78 and r/R=3.09 were extracted from the flow simulations as a function of time. These are shown in Figures 1, 2 and 3 , respectively. The figures also show comparisons with measured data and baseline TURNS solutions.
In the immediate near field (r/R=1.11), all the schemes accurately predict the initial pressure rise as the blade leading edge approaches the microphone location. They also correctly capture the subsequent reduction in pressure as the flow field over the rotor accelerates to supersonic speeds, the recompression near the trailing edge stagnation point, and the eventual return of the pressure values to freestream levels downstream of the rotor. The eighth order symmetric TVD scheme, in particular, did a very good job of capturing the peak pressure as shown in the Table 1 . The percentage error is calculated as:
100x|(P experiment -P computed )|/|P experiment | . Figure 2 shows the computed and measured pressure fields at r/R=1.78. At this location, the captured peak pressures are given in Table 2 . At this radial location, the eighth order symmetric TVD gives nearly the same peak pressure as the sixth order symmetric TVD scheme.
Note that the higher order scheme has a truncation error of order O(∆ 8 ), which could become large if a very coarse grid with a large grid spacing is ∆ used. A lower order scheme, e.g. STVD-2 or STVD-4, may perform better than a higher order scheme in such a situation. This is precisely the case in Figure 3 showing the computed and measured pressure fields at r/R=3.09. Here the fourth order scheme performs better than the eighth order scheme. The STVD schemes are still an improvement over the baseline MUSCL scheme which begins to perform poorly, due to its low formal accuracy, and the high levels of numerical viscosity. It is seen that the MUSCL scheme completely misses the recompression near t=1.1 millisecond. This compression is attributable to the trailing edge stagnation region, which spills into the far field. At this location, the captured peak pressures are given in Table 3 . This table reiterates the observation that the STVDx schemes perform better than the baseline MUSCL scheme, and that the lack of adequate grid density can adversely affect a higher order scheme.
The operation counts of the STVD and the MUSCL scheme are nearly identical, since both the schemes require the same number of calculations for the fluxes and numerical viscosity terms at the halfnodes (or cell faces). Thus, the STVD improvements are obtained at little or no additional CPU cost relative to the MUSCL scheme.
Tip Vortex and Hover Performance of UH-60A Black Hawk Rotor
Calculations have been performed for a fourbladed, scaled (1:5.73) model of the UH-60A (Black Hawk) main rotor in hover. The flow field has been examined with regard to the rotor wake, blade surface pressures, and performance. The UH-60A rotor blade is untapered, and has 20 degrees of rearward sweep that begins at r/R=0.93. It has an aspect ratio of 15.3 and a solidity of 0.0825. The blades use a 9.5% thick SC-1095 section and its higher-lift variant SC-1095R8 airfoil section.
As a first step in validating the fourth-, sixthand eighth-order Symmetric Total Variation Diminishing Schemes, the TURNS-STVDx and TURNS calculations were performed on several grids for a Reynolds number of 1.25 million. Calculations have been done the for a range of thrust values. Approximate estimates of the elastic twist and coning angle were also taken into account while generating the grid. It was found that the higher order schemes and the baseline TURNS both do not completely converge to steady-state values. The solution oscillates about a mean value as shown in Figure 4 . Efforts are now underway to improve the convergence characteristics of the STVDx schemes.
Pressure Distributions:
The TURNS code and the higher order extensions give detailed pressure distributions all over the rotor blade. Sample pressure distributions are shown at four typical radial station at 77.5%, 92%, 96.5% and 99% in Figures 5-8 . The pressure distributions are compared with the experimental data at C T /σ = 0.075. All the methods considered, including the baseline TURNS, give reasonable Cp distributions, although the recompression near the trailing edge at the 99% location is not predicted well by any of these methods. The suction peak is also over-predicted at 99% and 96.5% by all these methods. The over prediction of the predicted suction peaks near the tip may be related to the inaccurate strength and location of the passing vortex and an inadequate resolution of the local tip vortex formation.
It may be misleading to conclude that a given scheme is accurate purely based on surface pressure distributions. While the baseline TURNS code gives quite acceptable Cp distributions, the integrated loads are still unacceptable, as discussed below.
Performance of the UH-60A Rotor:
A systematic study of the UH-60A rotor performance in hover has been attempted. This is done by varying the collective pitch setting, and computing the T C and Q C values from first principles. values when compared to the fourth and sixth order schemes, but is still better than the baseline scheme. The reason that the highest order scheme performs poorly compared to the fourth and sixth order variants may be the sparseness of the grid, and the large stencil that the algorithm uses. Algorithms with a large stencil on a highly stretched grid may use too large a region of physical data to compute flow derivatives. A higher order algorithm and a sufficiently refined grid may both be necessary for good results. Figure 10 shows the variation of torque coefficient with the collective pitch angle. Among the different algorithms studied, the eighth order TURNS-STVD gives the best agreement with the experimental data. The predicted Figure of Merit for the Black Hawk rotor is shown in Figure 11 . It is seen that the higher order STVDx calculations give better agreement with the experiments than the baseline TURNS. In particular, the eighth order TURNS-STVD gives the best agreement with experimental data. In general, the predicted Figure of Merit is about 1-2 points (0.01-0.02) under the experimental data. Helicopter manufacturers consider this level of agreement to be acceptable. Figure 12 compares the computed sectional thrust from the various calculations with the measured experimental data. These calculations are for C T /σ =0.075 setting. None of the simulations yield good agreement with the experimental data. The thrust near the blade tip is higher than the experimental data and it is lower at the inboard. Nevertheless, the higher order symmetric STVD schemes are still better than the baseline third order scheme at the blade tip.
A limited number of calculations have been done on a somewhat finer 253x91x79 grid using the 8 
Rotor wake:
The tip vortex structure as predicted by TURNS-STVDx (x=4,6,8) have been studied for the UH-60A rotor, and compared with the baseline TURNS predictions. Figures 16 and 17 show the computed tip vortex structures on a coarse and a fine grid. Comparisons with the baseline TURNS have also been done. It was found that the higher order schemes do not necessarily give better tip vortex prediction over the baseline scheme. The tip vortex passes above the following blade which is not consistent with the experimental behavior. The computed tip vortex was considerably diffused by the time it reached the following blade. This is attributed to high levels of numerical viscosity used in the present methodology. In the symmetric TVD schemes considered here, the physical flux is calculated to a very high order of accuracy, while the numerical viscosity is calculated using a third order scheme as in the baseline TURNS code. At this writing, a higher order version of the numerical viscosity term that is consistent with the formal accuracy of the STVD scheme is under development. 
